INTRODUCTION
Stem cell-derived neurons are becoming increasingly important in biological research and in devising therapeutic strategies for neurodegenerative disorders, i.e. as replacements for degenerating cells in the central nervous system (CNS) (Gao et al., 2005; Suzuki et al., 2007) and for high-throughput drug screens (Broom et al., 2006; Rubin, 2008) . Several groups have generated motor neurons from human embryonic stem cell (hESC) lines (Li et al., 2005; Roy et al., 2005) . These motor neurons might be useful for research of amyotrophic lateral sclerosis (ALS), a progressive and fatal neurodegenerative disorder characterized by motor neuron loss, which occurs in sporadic (~90% of cases) and familial forms (Simpson and Al-Chalabi, 2006; Brown, 1995) . About 10-20% of familial cases carry a mutation in the superoxide dismutase 1 (SOD1) gene, which encodes a ubiquitous antioxidant protein. More than 100 SOD1 mutations have been linked to familial ALS, however, a single disease mechanism associated with SOD1 has not been established. Some SOD1 mutations are known to cause specific symptoms, such as rapid disease progression (A4V mutation) or late disease onset (I113T mutation) (Cudkowicz et al., 1997; Simpson and Al-Chalabi, 2006) . Most research on the pathological mechanisms in ALS has been performed on rodent models that express mutant genes linked to familial ALS, and on animal and human non-neuronal or immortalized neuronal cell lines. Increasingly, it is becoming recognized that the disease biology and progression of ALS is very different in animal models and non-neuronal cells when compared with the human condition, which is exemplified by the difficulty in successfully translating animal drug studies to human patients (Schnabel, 2008) . The expression of disease-relevant genes in hESC-derived neurons will provide new disease models that are more relevant to human biology.
Here, we generated hESC-derived, electrophysiologically active motor neurons. These motor neurons were manipulated to model familial ALS by combining stem cell differentiation techniques with timed cell dissociation and directed mutant SOD1 gene expression under an HB9 regulator and a green fluorescent protein (GFP) reporter. This easily identifiable population of mutant SOD1-expressing motor neurons was confirmed by immunocytochemical and RT-PCR detection of motor neuron-specific markers, as well as by electrophysiology. We report that mutant SOD1 overexpression causes alterations in neuronal morphology and reduces cell viability. These findings demonstrate the validity and utility of developing human disease-specific cell culture models.
Human embryonic stem cell-derived motor neurons expressing SOD1 mutants exhibit typical signs of motor neuron degeneration linked to ALS in the differentiating population and to confirm the immunocytochemistry results, we performed RT-PCR analysis at several time points. HB9 and ISLET1 expression was detected after the addition of N2 and RA to the medium. However, ChAT expression was detected only after the addition of Shh and motor neuron maturation factors (BDNF, GDNF and CNTF) (supplementary material Fig. S1G ). Both immunostaining and RT-PCR analysis are consistent with the differentiation of motor neurons from hESC.
We then counted the numbers of neuralized TUJ1-positive cells and motor neurons in the total population of hESC-derived cells. We detected an average of 31.34% TUJ1-and 10.07% ChAT-positive cells (n=3) in the entire hESC-derived cell population and calculated that 39.13% of the TUJ1-positive cell population were also ChAT positive.
Mutant SOD1-transfected, hESC-derived motor neurons are identified by HB9-driven GFP fluorescence In order to identify mutant SOD1-expressing motor neurons in a mixed population of differentiating cells, we used a selection cassette in which the expression of GFP and either wild-type SOD1 or one of three different SOD1 mutations (G93A, A4V and I113T) are driven by a 3.6 kb motor neuron-specific enhancer within the gene encoding the motor neuron transcription factor HB9 (Roy et al., 2005; Roy et al., 2004) (Fig. 1A) . The control vector expressed GFP only. We dissociated and replated the differentiated cells before transfection, which increased the transfection efficiency 100-fold compared with transfection in the undissociated culture. Immunocytochemical staining of HB9-driven, GFP-expressing mutant SOD1 cells showed co-expression of the motor neuronspecific markers HB9, ISLET1 and ChAT (Fig. 1B-K) . Only a G93A-specific antibody is currently available for identifying cells that express the three mutant SOD1 constructs (Urushitani et al., 2007) . This antibody specifically recognized the cells that were transfected with the G93A mutant ( Fig. 2A-C sorting (FACS). The difference in fluorescent cell numbers was evaluated using the chi-square test and was not statistically significant (supplementary material Fig. S2 ).
hESC-derived motor neurons are electrophysiologically active
The excitability of hESC-derived motor neurons was assayed electrophysiologically after reducing the cell density by papain dissociation and replating. hESC-derived cells that were cultured for 48-62 days with RA and Shh were whole-cell patch clamped in the current-clamp mode. Of the 16 cells patched in 10 different cultures, 14 cells exhibited action potential responses to injected pulses of current. [The two electrically passive cells were enhanced GFP (eGFP)-positive cells from 48-and 49-day-old cultures.] The responses of the electrically active cells fell into two distinct categories. Typical of electrically excitable cells, the action potentials in both of these categories ( Fig. 1M ,P) had a discrete threshold for activation that was dependent on the amplitude of the injected current. In morphologically less-developed hESC-derived motor neurons ( Fig. 1L ), the action potentials had a broader waveform and, following an increase in stimulus duration and strength, the cells did not fire repetitive action potentials ( Fig. 1M,N) . In contrast, hESC-derived motor neurons with more extensive axonal arborizations ( Fig. 1O ) had a distinctively different action potential waveform that was accompanied by repetitive firing (Fig. 1P,Q ). Both types of responses could be found in different cells from the same culture, indicating a mixed progression of neuronal differentiation. However, repetitive firing was more commonly observed in older cultures (with a mean age of 56 days in culture versus a mean of 51 days in culture for cells that fire single action potentials).
hESC-derived, HB9-GFP-expressing motor neurons display spontaneous calcium transients A small proportion (17 of 300 cells in 10 recordings) of HB9-GFPtransfected motor neurons displayed spontaneous, transient changes in intracellular calcium [Ca 2+ ] i under resting conditions, whose characteristics were consistent with the firing of action potentials. These increases in [Ca 2+ ] i involved the entire cell simultaneously, showed a rapid upstroke and slow decay, and were reversibly abolished by removal of extracellular calcium or by tetrodotoxin (TTX, 1 μM) (Fig. 1L) . In three out of 10 recordings, spontaneous [Ca 2+ ] i transients were synchronized in three or four adjacent cells. These observations suggest that hESC-derived motor neurons are capable of spontaneous activity similar to in vivo observations in the developing spinal cord (Hanson and Landmesser, 2003; Rosato-Siri et al., 2004 
Mutant SOD1 alters the morphology of hESC-derived motor neurons
Reduced axonal branching has been reported in transgenic mutant SOD1 mouse strains (Pun et al., 2006) , therefore we assessed the effect of mutant SOD1 on neurite morphology. HSF-1-derived motor neurons expressing mutant G93A, A4V or I113T SOD1-GFP and controls expressing wild-type SOD1-GFP or GFP alone were digitally captured at 7 and 21 days after transfection. When measured 7 days after transfection, neurite length was significantly diminished in cells expressing G93A SOD1 and A4V SOD1 when compared with motor neurons expressing the control GFP vector (Fig. 2H) (Fig. 2I) . Furthermore, the length of the processes was significantly reduced to 58% (F=46.00, P<0.01) in G93A-expressing cells and 51% (F=61.88, P<0.01) in A4V-expressing cells when compared to wild type. These findings demonstrate a reduction in neurite length in mutant SOD1-expressing neurons relative to the vector control.
Mutant SOD1 reduces cell survival in hESC-derived motor neurons
In order to investigate the effect of mutant SOD1 on motor neuron survival, we determined the numbers of GFP-positive cells in transfected cultures over time. The highest number of fluorescent cells was found on day 4 post-transfection in all strains. Analysis of GFP-positive cells at day 7 after transfection did not yield any statistically significant difference between the mutants and the control (Fig. 2J) (Fig. 2K) . These data indicate that all three ALS-linked, mutant SOD1 proteins induced motor neuron death.
DISCUSSION
Here, we demonstrate that the expression of ALS-linked SOD1 mutations in human motor neurons results in altered neurite morphology and survival. These studies should serve as a platform for in vitro studies of motor neuron pathology and potential treatments for motor neuron degeneration.
The motor neurons generated in these studies are functionally competent. Adult motor neurons generate multiple action potentials at a rate that increases in proportion to the injected current (Granit et al., 1963) . In vivo recordings from lumbar spinal motor neurons have demonstrated that repetitive firing of action potentials is a characteristic acquired during maturation (Gao and Ziskind-Conhaim, 1998) . Embryonic spinal motor neurons at embryonic day (E)16 exhibit action potentials with relatively broad waveform properties and, regardless of increasing stimulus strength, only respond with single action potentials. After birth, the action potentials of spinal motor neurons have faster kinetics, and a prolonged injection of current generates repetitive firing that is typical of mature motor neurons (Gao and Ziskind-Conhaim, 1998) . Thus, the progression of electrical excitability that we measured in hESC-derived motor neurons reflects what occurs during normal development. Similar patterns have been observed in vitro in neurons derived from either human H9 ES cells (Johnson et al., 2007) or mouse ES cells (Miles et al., 2004 ).
An independent method of assaying cell excitability is through calcium imaging. Motor neurons in the developing spinal cord exhibit spontaneous bursts of action potentials that are mediated by excitatory input via interneurons (Hanson and Landmesser, 2003; Rosato-Siri et al., 2004) . Unlike the patch-clamp experiments, the calcium imaging was performed on dense cultures permitting extensive contact among cells. The calcium imaging results suggest that functional excitatory synaptic connections can influence the activity of HB9-GFP-positive motor neurons. Taken together, the methods used to verify motor neuron lineage, including immunohistochemical and PCR detection of motor neuron markers, patch clamping and calcium imaging indicate that we generated functional motor neurons.
The ALS-associated G93A, A4V and I113T SOD1 mutations were expressed in hESC-derived motor neurons resulting in motor neurons with characteristics of ALS-related degeneration, i.e. reduced neurite extension and enhanced cell death. Interestingly, when assessing neurite length and cell survival, the severity of the specific SOD1 mutants in cell culture corresponds with reports in patients with familial ALS. Of the three mutants, the A4V mutation causes the most severe disease phenotype with a very rapid disease course, whereas the G93A and I113T mutations cause a moderate phenotype and a milder phenotype, respectively (Juneja et al., 1997; Cudkowicz et al., 1997) . These findings support the notion that the phenotype of familial ALS is based, at least in part, on the direct toxic effect of mutant SOD1 on motor neurons. Recent studies have suggested that cell populations other than motor neurons, such as glial cells and interneurons, might contribute to motor neuron degeneration (Clement et al., 2003; Boilee et al., 2006; Beers et al., 2006; Yamanaka et al., 2008) . Before the direct role of mutant SOD1 in motor neuron degeneration can be fully understood, additional studies will be required to better define the respective roles of glia that express mutant SOD1 and ancillary neuronal phenotypes in motor neuron loss. Ultimately, this in vitro system may be used to develop the means to inhibit SOD1-induced motor neuron degeneration.
In addition to promoting motor neuron death, expression of mutant SOD1 resulted in reduced neurite length. Although this observation is consistent with in vivo observations that axonal degeneration appears to be an early defect that precedes the onset of ALS symptoms and motor neuron death (Fischer and Glass, 2007; Bradley et al., 1983; Fischer et al., 2004) , the stem-cell-based culture system used in this study does not allow us to distinguish between developmental and degenerative changes. This issue will be addressed in future work. Nevertheless, the present cell strain may facilitate the study of factors that mitigate axonal degeneration.
Current studies focus on a known genetic cause of ALS, but most ALS patients do not have SOD1 mutations so one might question the utility of SOD1-centered studies. However, the present study does potentially have broader implications for other forms of ALS.
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First, the final pathways of neurodegeneration, such as apoptosis, are similar among different types of ALS, as are the clinical and neuropathological presentations (Cleveland and Rothstein, 2001; Hirano, 1996; Shibata et al., 2007) . Second, studying interventions that inhibit SOD1-induced cell death may be applied more broadly to other mechanisms of motor neuron cell death.
The reported strategy of expressing disease-causing mutations in hESC-derived neurons might also be useful for studying genetic forms of other neurodegenerative diseases with patient subpopulations that carry known gene defects such as spinal muscular atrophy, inherited dementias and Parkinson's disease. Importantly, such human-cell-specific disease models will facilitate the investigation of disease mechanisms, including known cellular factors that contribute to ALS such as mitochondrial vacuolization, ubiquitin inclusions and neurofilament accumulations. Understanding disease mechanisms is one prerequisite for identifying new therapeutic targets. These neurons, along with neurons derived from induced pluripotent stem cells (iPS) (Dimos et al., 2008) , provide the opportunity to study early disease pathways in human material, whereas traditionally human CNS tissue had to be obtained from post-mortem material. Moreover, this cell model is especially useful for studying diseases that lack rodent models that accurately reflect the human pathology. hESCderived neuronal disease models might prove to be a viable alternative or addition to non-neuronal cell culture and animal studies.
METHODS
Differentiation of hESCs into motor neurons
HSF-1 (XY, 46, NIH No. UC01) and HSF-6 (XX, 46, NIH No. UC06) (www.wicell.org) (Wu et al., 2007) cells were cultured on mouse embryonic feeder cells in growth medium with DMEM/F12, 20% knockout serum replacement (KSR) and 8 ng/ml of basic fibroblast growth factor (bFGF). Differentiation of neural precursors was induced by holding the hESC aggregates as suspension cultures in the absence of bFGF for 6 days, followed by cell plating on laminincoated dishes in N2 medium. After 6 days, 1 μM RA was added and cells were differentiated for 3 days until columnar cells formed. The rosettes were mechanically isolated and cultured on 6-well laminin-coated plates with 200 nM Shh (R&D Biosystems) for 6 days. Further differentiation occurred over the next 2-3 weeks with 50 nM Shh and 20 ng/ml BDNF, GDNF and CNTF (Peprotech) (Roy et al., 2005) . All culture supplements were purchase from Invitrogen unless specified otherwise.
Immunocytochemistry
Cells fixed in 4% paraformaldehyde for 20 minutes at room temperature (RT) were permeabilized with 0.2% triton in PBS and blocked with the appropriate serum. The primary antibody was incubated overnight at 4°C, the secondary antibody was then incubated for 1-2 hours at RT. Anti-human nestin (1:200, Chemicon), βIII-tubulin (1:500, Covance), ChAT (1:200, Chemicon), anti-GFP (1:500, Aves Labs), MNR2/Hb9 (1:50, DSHBH) and Islet1 (1:50, DSHB) were used. Anti-G93ASOD-1 was a gift from Jean-Pierre Julien. All fluorescent secondary antibodies were purchased from Invitrogen. Cells were viewed under a confocal microscope (Zeiss, LSM 510 META). For quantitative studies, GFP-expressing cells were counted by a blinded observer, in at least three wells per strain, after capture using an Olympus IX50 fluorescent microscope.
Semi-quantitative RT-PCR
The cells were collected in Trizol. RT-PCR was carried out at as described previously (Saravanan et al., 2007) . The PCR program consisted of an initial denaturation step at 95°C for 2 minutes, then 30 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds and extension at 72°C for 30 seconds. The specificity of all PCR reactions was tested by parallel reactions omitting cDNA (not shown). The PCR products were separated by 2% agarose gel electrophoresis and visualized by ethidium bromide staining.
Fluorescence-activated cell sorting (FACS)
Differentiated and hESC cultures that were transfected to express G93A SOD1, wild-type SOD1 or empty vector were collected from the dishes by TripLE (Invitrogen, Carlsbad, CA) treatment and were washed twice with DMEM/F12 containing B27. The cells were collected in 5 milliliter tubes fitted with cell strainer caps (BD falcon) and were then subjected to GFP sorting.
Cloning
Wild-type and SOD1 mutants (G93A, A4V and I113T) were PCR amplified from the YEP 351 vector (Roe et al., 2002) . BamHI restriction sites were introduced at either end of the PCR product and subcloned into the BamHI site of the Hb9:eGFP vector. The orientation of the insert was confirmed by sequencing.
Generation and analysis of mutant SOD1-expressing motor neurons from hESCs
Motor neurons were differentiated as described above, dissociated by incubation with papain (Wu et al., 2007) and replated onto laminin-coated 24-well plates at a density of 0.2 million cells/cm 2 . The cells were grown for 3-5 days and then transfected with the GFP control vector, or with wild-type or mutant SOD1 plasmids using lipofectamine, as per the manufacturer's protocol. Neuron dissociation and replating at low density promoted neurite extension within 24-48 hours. The transfection efficiency of the replated cells increased 100-fold compared with the transfection in culture before dissociation. GFP-expressing cells were counted by a blinded observer on days 2, 4, 7 and 21 and captured under an Olympus IX50 fluorescent microscope on days 7 and 21. A blinded observer measured the length of the processes of 996 cells and 878 cells on days 7 and 21, respectively, with the aid of SimplePCI software. Statistical analysis was performed by one-way analysis of variance (ANOVA) with post hoc Scheffe's multiple comparison F-test. A difference below, or equal to, the probability level of 0.05 was considered statistically significant.
Electrophysiology
The ability of differentiated neurons to generate action potentials was determined using standard whole-cell, current-clamp techniques. hESC-derived motor neurons were viewed with an Olympus IX70 inverted microscope using phase contrast and fluorescence optics to identify hESC-derived motor neurons before recordings were obtained. Motor neurons were also identified morphologically and by immunostaining with an antibody to ChAT. All experiments were performed at RT (20-23°C). The bath solution contained 120 mM NaCl, 1.2 mM KH 2 PO 4 , 1.9 mM KCl, 26 mM NaHCO 3 , 2.2 mM CaCl 2 , 1.4 mM MgSO 4 , 10 mM D-glucose and 7.5 mM Na HEPES, was adjusted to pH 7.2 (with NaOH), and was equilibrated with 95% O 2 and 5% CO 2 . Patch pipettes (with a resistance of 3-5 MΩ) were filled with internal recording solution containing 140 mM potassium gluconate, 10 mM Na HEPES, 1 mM EGTA, 4 mM ATP-Mg and 0.3 mM GTP; pH 7.2 (adjusted with KOH). To optimize excitability, the resting potential was maintained at -70 mV. The membrane voltage was monitored in response to current injections with a duration of either 0.5 or 250 milliseconds. The 0.5-millisecond pulses were injected in steps of 100 pA, from 0 to 500 pA. The 250-milliseconds pulses were applied in steps of 20 pA, from 0 to 180 pA. The current-clamp recordings were amplified by using an Axopatch 2B patch-clamp amplifier with 4-pole Bessel filtering at 5 kHz. The signals were sampled at 10 kHz by using a Digidata 1322A analog to digital converter, then acquired and stored on a computer hard drive and analyzed offline using pClamp 6 (Clampfit) software. Fluorescence imaging was performed using a custom-built video-rate confocal microscope, as described previously (BeltranParrazal et al., 2006) . In brief, a 475 nm diode laser was scanned across the specimen with oscillating mirrors into an inverted microscope. The ensuing fluorescence was detected by a photomultiplier tube (PMT Hammatsu) and digitized by a video frame capture board (Raven, Bit Flow) using the Video Savant software. Within the images, changes in fluorescence intensity were analyzed by selecting regions of interest on individual cells and plotting fluorescence versus time using ImageJ software.
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Amyotrophic lateral sclerosis (ALS, Lou Gehrig's disease) is a disease of fatal motor nerve degeneration, resulting in hallmark symptoms such as progressive muscle weakness, fatigue, and difficulties with speaking, swallowing and breathing. Animal models of inherited ALS have been used in the last decade to test new medications, although the translation of animal work to human studies has been slow. Recently developed methods of generating specific neural cell types from human embryonic stem cells (hESCs) have opened the door to modeling inherited ALS in the cell culture dish using human motor neurons. Stem cells can now be manipulated to express mutant genes linked to ALS. Prior to this work, it has been extremely difficult to introduce and express genes in differentiating stem cells with reliability and consistency. Here, the authors have modified previously published stem cell differentiation protocols to express human mutant SOD1 genes linked to ALS.
Results
The authors describe the optimal transfection time point and cell density for introducing various human SOD1 mutations into hESC-derived cells during their differentiation into motor nerve cells. Nerve cells expressed the SOD1 mutations consistently over several weeks and exhibited hallmark characteristics of motor nerve cells. Compared with wild-type controls, cells expressing mutant SOD1 exhibited motor nerve abnormalities that are typical for ALS, such as reduced life span and reduced cell process length.
Implications and future directions
Progress in understanding human neurodegenerative disease is hampered by the complexity and uniqueness of the human nervous system. This work not only contributes hESCs as a new tool to recapitulate ALS disease, but such cells can also be potentially used within other animal models. The work also highlights the potential of expressing disease-specific gene mutations in embryonic stem cell-derived nerve cells without silencing the introduced genes, which might have implications for a number of other neurodegenerative disorders.
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